The origin of substance P-like immunoreactivity (SPLI) in the neuropil of sympathetic preganglionic neurons (SPNs) was investigated in pigeon (Columba livia In the present study, various spinal lesions were made and the SPLI and 5-HTLI content of thoracic spinal cord was examined using immunohistochemistry.
The origin of substance P-like immunoreactivity (SPLI) in the neuropil of sympathetic preganglionic neurons (SPNs) was investigated in pigeon (Columba livia). Previous investigators had suggested that a major SPLI-containing projection to SPNs arose from caudal brainstem In the present study, various spinal lesions were made and the SPLI and 5-HTLI content of thoracic spinal cord was examined using immunohistochemistry.
Interruption of descending bulbospinal fibers by cervical hemisection had no demonstrable effect on SPLI in the SPN neuropil, while 5-HTLI was almost totally depleted in the half of the spinal gray (including the SPN cell column) ipsilateral to the hemisection. Following a complete thoracic transection, SPLI was only depleted 2 to 3 mm rostra1 and caudal to the lesion, while normal SPLI staining was present in the remainder of the spinal cord. 5-HTLI was totally depleted caudal to a thoracic transection. Dorsal rhizotomy of three to six sequential spinal segments significantly depleted SPLI in the dorsal horn but had no effect on SPLI in the region of SPNs. Major depletion of SPLI within the SPN cell column was only seen when portions of thoracic spinal cord were isolated by complete transections or unilateral hemisections. Finally, evidence was found for intraspinal SPLI-containing fiber systems. These results demonstrate that the majority of SPLI in the SPN cell column in the pigeon is probably of intraspinal origin. The data also confirm that 5-HTLI is contained in axons and terminals arising from cell bodies of supraspinal origin.
The anatomical and neurochemical identification of intraspinal and bulbospinal pathways with monosynaptic inputs on sympathetic preganglionic neurons (SPNs) is a longstanding fundamental problem (Reis, 1972; Loewy and Neil, 1981; Cabot et al., 1982; 1983) . With the exception of histofluorescence observations (Carlsson et al., 1964; Dahlstrom and Fuxe, 1964, 1965) , earlier attempts met with litt,le success due to inherent technical limitations.
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serotonin (5-HT)-containing inputs from the subnuclei of the medullary/caudal pontine raphe complex (Loewy and McKellar, 1981; Cabot and Bogan, 1982; Cabot et al., 1982; Gilbert et al., 1982; Helke et al., 1982) , a norepinephrine-containing projection arising from the A5 cell group in ventrolateral pons (Loewy et al., 1979; Loewy and Neil, 1981) , an epinephrinecontaining projection from ventrolateral medulla (Ross et al., 1981) , and an oxytocin-containing (mesotocin in birds) pathway from the paraventricular nucleus of the hypothalamus (Saper et al., 1976; Swanson, 1977; Nilaver et al., 1980; Cabot et al., 1982) . Additional direct projections to SPNs from the dorsolateral pons have also been described, but chemical identification of the putative neurotransmitters for these pathways is still controversial (Loewy et al., 1979; Westlund and Coulter, 1980; Martin et al., 1981) .
The successful application of immunohistochemical methods for the visualization of neuropeptides in central nervous system (CNS) has provided a basis for expanding the characterization Vol. 4, No. 8, Aug. 1984 of other peptidergic pathways providing direct inputs onto SPNs. In particular, there is evidence in several vertebrates that the undecapeptide substance P (SP) is present within the SPN neuropil (e.g., rat, Ljungdahl et al., 1978; opossum, Ditirro et al., 1981; human, de Lanerolle and LaMotte, 1982) . The location(s) of the cells giving rise to this dense terminal projection is unknown, although it has been suggested that neurons within the medullary/caudal pontine raphe complex might be involved (Johansson et al., 1981; Gilbert et al., 1982; Helke et al., 1982. Anterograde and retrograde data have also implicated this midline caudal brainstem region as the source of 5HT input to the SPNs (Loewy and McKellar, 1981; Loewy and Neil, 1981; Cabot et al., 1982) . In addition, Chan-Palay and coworkers (Chan-Palay et al., 1978; Chan-Palay, 1979 ) have provided further evidence establishing that 5-HT and SP coexist within some rat raphe neurons. Studies by Bowker et al. (1981) have shown that some of these medullary SP/5-HT neurons project to the spinal cord. Moreover, recent observations by Gilbert et al. (1982) indicate that the destruction of 5-HT-containing raphe neurons results in the partial loss of SP terminations within the rat SPN neuropil. The combined data strongly support the hypothesis that neurons within the caudal raphe complex co-transport both SP and 5-HT to terminals within the SPN cell column. However, Helke and co-workers (1982) have shown that in rat, destruction of medullary 5-HT neurons is not accompanied by diminution of SP in the SPN neuropil.
The present study was initiated to determine generally the location of the cells or origin of the dense SP terminal field within the SPN cell column of the pigeon (Columba liuia). The investigations included an assessment of possible relative contributions from dorsal root ganglion cells, spinal interneurons, and bulbospinal projection neurons.
Materials and Methods
Experimental animals. Experiments were performed on white Carneaux pigeons (C. &a), 2 to 6 months old (400 to 600 pm), which were obtained from Palmetto Pigeon Plant (Sumter, SC).
General procedures. Pigeons were anesthetized with 0.3 ml of pentobarbital (0.64 mg/ml) administered intramuscularly. All animals were intubated, respirated, and immobilized with 0.2 ml of pancuronium bromide (lmg/ml, i.m.). Spinal lesions were made with a knife needle, and microcautery was employed as needed to minimize bleeding. Three possible sites of origin of the SP-containing fibers were considered: the dorsal root ganglia, the brainstem, and the spinal cord. Accordingly, the experiments were grouped into three categories: (I) examination of the sensory pathways to the SPNs, (2) determination of bulbospinal contributions, and (3) T3. Two other birds were hemisected at 5 and 14 days later received two additional hemisections (ipsilateral to the C5 lesion) at T2 and T4. In one bird, the spinal cord was completely transected above the dorsal root ganglion at T3 and below the ganglion at T5. In one other bird, the spinal cord between T3 and T4 was isolated by complete transections above the dorsal root ganglion at T3 and below the dorsal root ganglion at T5. Survival time for all lesioned birds was 7 days (for the birds hemisected at C5, the survival time was 7 days after the thoracic lesions), after which they were perfused and the spinal cords were processed for the presence of SPLI and 5-HTLI (see below).
Immunohistochemical methods.
All birds were deeply anesthetized with 0.7 ml of sodium pentobarbital (0.64 mg/ml) and were perfused transcardially with 6% dextran in 0. or portions of the staining could result from the presence of larger precursor molecules that contain SP within their amino acid sequences or to metabolic breakdown products of SP itself. Agents structurally similar to SP are also occasionally sources of false positives. Two different anti-SP antisera were used in order to increase the probability of detecting nonspecific staining. Both antisera produced qualitatively the same results, and the staining produced by either of these antisera could be totally blocked by preadsorption with synthetic SP, suggesting that the majority of the observed staining must be due to SP. Finally, in experiments described elsewhere (McKelvy et al., 1982 ; B. M. Davis, J. E. Krause, J. B. Cabot, and J. F. McKelvy, manuscript in preparation), analysis by high performance liquid chromatography also indicates that pigeon SP is identical to synthetic SP. Nevertheless, because immunohistochemical techniques can produce "false positives" the use of "substance P-like immunoreactivity"
or "SP-positive staining" reflects the interpretation that the majority of the observed staining is due to SP. A similar line of reasoning follows for the use of the term "5-HT-like immunoreactivity" (see "Materials and Methods").
Normal distribution of SPLI and 5-HTLI in spinal cord. The normal pattern of SPLI observed in spinal segments C5, C13, Tl, and T5 is shown in Figure 1 (terminology according to Huber, 1936) . In all segments, intense SPLI fiber staining could be seen throughout laminae I and II of the dorsal horn (terminology according to Leonard and Cohen, 1975a) . Laminae III and IV also contained SPLI staining throughout, but it appeared lighter and more diffuse than in lamina I or II. Fibrous staining could be seen in laminae VII and VIII, and this appeared to be continuous with SP-positive fibers in the lateral fasciculus (Fig. 1, b and e) . Light SP-positive staining was also present throughout ventral horn laminae. The amount of SP staining in lamina IX varied with the density of motoneurons, such that appreciable amounts of SP were present in ventral horns of the motoneuron-rich brachial and lumbar enlargements (Fig. lb) . The SPLI around motoneurons was contained in numerous bouton-like swellings that appeared to cover the surface of motoneuron somata (Fig. lc) . This was in marked contrast to the pattern of 5-HTLI around motoneurons (see below). Lighter staining was observed in the ventral horns of midthoracic cord where fewer lamina IX motoneurons are found.
A major difference between cervical and thoracic spinal cord in the pattern of SPLI was found in the gray matter dorsal to the central canal. In upper and midcervical spinal segments, two thin bands of SPLI could be found dorsal to the central canal, oriented parallel to the dorsoventral axis of the spinal cord on either side of the midline.
In low cervical (C14), thoracic, and high lumbar (Ll) spinal cord, where SPNs are present, SPLI dorsal to the central canal expanded to form a sphere of immunoreactivity (Fig. 1, d and e). (The sympathetic preganglionic cell column in pigeons is termed the column of Terni (Huber, 1936) .) SPLI within the SPN neuropil was fibrous, with numerous punctate bouton-like swellings, and sometimes appeared to envelop cell bodies, often obscuring the borders of the preganglionic perikarya. At all spinal levels examined, several regions of the white matter stained positively for SPLI. The tract of Lissauer and the superficial white matter that contains entering dorsal root fibers stained intensely for SP. Another densely staining fiber tract could be seen along the lateral border of the dorsal horn (arrows, Fig. le et al., 1982; Helke et al., 1982) , changes in 5-HTLI termination patterns following various lesions served as internal controls for examining differences in SPLI staining that might be due to interruption of bulbospinal pathways. The pattern of 5-HTLI in the normal spinal cord was qualitatively similar in many respects to the pattern of SPLI (Fig. 2) . In the dorsal horn, 5-HTLI staining was heaviest in laminae I and II, with light staining seen in laminae III and IV. Light 5-HTLI was observed in all intermediate and ventral horn laminae. Lamina IX 5-HTLI was distinctive with apparent dense "ringing" of motoneuron somata, especially in the motoneuron-rich brachial spinal cord (Fig. 2~) . Some 5-HTLI staining was also seen in the region of the central canal, and, like the SPLI pattern, a major increase in density coincided with the presence of SPNs (Fig. 2b) . With respect to the white matter, a major difference between SPLI and 5-HTLI was the lack of 5-HTLI staining in the dorsal root entry zone and in the area immediately lateral to the dorsal horn. Immunoreactive fibers could be found in the dorsolateral, lateral, and superficial aspects of the ventral fasciculus. Overall, the 5-HTLI staining pattern appeared lighter than the SPLI pattern.
Effects of dorsal root rhizotomies on SPLI in spinal cord. These experiments were designed to determine whether a portion, or perhaps all, of the SPLI terminations within the SPN neuropil had cell bodies of origin within primary sensory spinal ganglia. Figure 3 illustrates a case where dorsal roots Cl4 to T4 were cut. SPLI staining in Lissauer's tract and in the superficially located dorsal rootlet entry zone was markedly diminished or absent throughout spinal segments Cl4 to T3 ipsilateral to the rhizotomies.
Such depletion was not noticeable in Cl2 (midbrachial spinal cord). Significant depletion was observed in laminae I and II, and the SPLI was characteristically less dense. Within the spinal segments that were rhizotomized, greatest depletion occurred in spinal segments that had one or more dorsal rootlets cut rostra1 and caudal to that segment. For example, qualitatively more depletion was evident in T2 than in T4.
Effects of cervical hemisection and thoracic transection on SPLI and 5-HTLI in thoracic spinal cord. Hemisections of high cervical spinal cord (Fig. 4) did not significantly affect the pattern of SPLI in thoracic spinal cord (Fig. 5a ). The only noticeable difference was the absence of fine SP-positive fibers in the dorsolateral fasciculus ipsilateral to the hemisection (Fig.  6 ). By comparison, there was a massive decrease in the 5-HTLI in the half of the thoracic spinal gray ipsilateral to the hemisection (Fig. 5b) . Some light 5-HTLI labeling remained ipsilatera1 to the transection in the ventral horn and around the SPNs. Hemisections performed at Tl yielded similar results. Total transections of the midthoracic spinal cord resulted in moderate depletion of SPLI staining in all portions of the spinal gray matter, rostra1 and caudal to the lesions (Fig. 7a) , but only in tissue within one-half spinal segment (2 to 3 mm) of the lesion. The SPLI in the fiber plexus immediately lateral to the dorsal horn also appeared depleted in the sections close to the transection. Examination of tissue more than one-half segment rostra1 and caudal to the lesion revealed apparently normal amounts of SPLI in all areas of the spinal gray (Fig.  7b) . Such qualitative assessment is, at best, difficult but was aided by comparing the lesioned material to normal tissue from several unoperated birds processed concommitantly.
A notable finding in the transected spinal cords was the appearance of swollen SPLI-positive fibers and granules bilaterally in the lateral and dorsolateral fasciculi near the lesion (arrows, Fig.  7a ). These granules and fibers were seen both rostra1 and caudal to the lesion. Swollen fibers were also seen ipsilaterally, rostra1 and caudal to Tl hemisections. In comparison, 5-HTLI-positive staining was only seen rostra1 to the transection (Fig. 7~ ). Caudal to the transection almost total depletion of 5-HTLI was The Journal of Neuroscience Substance P Projections to Sympathetic Preganglionic Neurons 2149 observed (Fig. 7d) . It was also noted that the 5-HTLI staining appeared denser rostra1 to a transection compared to unlesioned animals. The above results were equivalent to those following transections at T3 or T5. Spinal segment isolation. Significant depletion of SPLI in the SPN cell column as well as in the rest of the spinal gray matter was detectable in spinal cord segments that had been isolated by two hemisections or two complete transections (Fig.  8) . Even in these cases, while the SPLI staining around the SPNs was reduced, it was never completely abolished. Despite overall depletion, appreciable staining also remained in the dorsal root entry zone, Lissauer's tract, and dorsal horn. Much of this staining presumably originates from primary afferent fibers and terminations arising from cells in the dorsal root ganglia attached to the isolated segments. SPLI staining patterns rostra1 and caudal to the isolated segment were similar to those seen rostra1 and caudal to a single transection;
i.e., moderate depletion was seen near the lesions, whereas more normal staining was present at distances greater than one-half segment and farther from the transection.
Again, swollen SPpositive fibers and granules were found in the lateral and dorsolateral fasciculus rostra1 and caudal to the isolated segment. Although carefully screened, none of the sections within the isolated segments were ever found to contain these SPpositive fibers and granules. These fibers and granules were also present in birds which received ipsilateral high cervical hemisections 7 days prior to the thoracic hemisections. The reason for preceding the thoracic hemisection with a high cervical hemisection was to destroy descending bulbospinal fibers that might contain SP. The appearance of SPLI-positive granules and fibers near a midthoracic lesion ipsilateral to a cervical hemisection indicates that the SP-positive fibers found near the lesions are probably not of bulbospinal origin. Figure 8b shows a section from a segment bracketed by two ipsilateral hemisections. SPLI staining is reduced in all portions of the section ipsilateral to the hemisections, including the SPN cell column. Only light staining remained in the SPN neuropil ipsilateral to the hemisections.
Discussion
Experiments were performed to determine the relative contribution of the dorsal root ganglia, brainstem, and spinal cord to the SPLI in the avian sympathetic preganglionic cell column. To establish this, the pattern of SPLI was examined following isolation of the thoracic spinal cord from supraspinal pathways, primary sensory neurons, and intraspinal circuits. The staining pattern of 5-HTLI was also examined because the great majority of spinal 5-HTLI is contained in bulbospinal axons (Loewy and McKellar, 1981; Cabot and Bogan, 1982; Cabot et al., 1982;  Figure Ic Figure 5a . a, Photomicrograph of dorsolateral quadrant ipsilateral to the hemisection. b, Photomicrograph of dorsolateral quadrant contralateral to the lesion. In b, fine SPLI-containing fibers can be seen in the dorsolateral quadrant (bon), while these are absent in the dorsolateral quadrant in a (box). Loss of these fibers ipsilateral to the hemisection was the only apparent difference in the SPLI pattern following high cervical hemisection. Calibration bars = 100 pm. Gilbert et al., 1982; Helke et al., 1982) ; thus, loss of 5-HTLI served as an indicator of the extent of disruption of descending brainstem systems. (Ljungdahl et al., 1978; Ditirro et al., 1981; de Lanerolle and LaMotte, 1982) . Of these, the caudal pontine/medullary raphe complex is proposed as an origin of SPLI-containing fibers which project to sympathetic preganglionic neurons (Johansson et al., 1981; Gilbert et al., 1982) . In fact, several workers have found that some raphe SP-positive cells also contain 5HT and have postulated that 5-HT and SP are co-transported to the same terminal endings in the spinal cord (Chan-Palay et al., 1978; Chan-Palay, 1979; Bowker et al., 1981 Bowker et al., , 1982 Johansson et al., 1981; Gilbert et al., 1982) .
In the pigeon, it was not possible to establish the existence of a major bulbospinal SP projection to the SPN cell column. Neither thoracic transection or high cervical or thoracic hemisections appeared to affect the levels of SPLI surrounding SPNs. However, these same manipulations dramatically reduced the amount to 5-HTLI in all portions of the spinal gray matter ipsilateral to the lesion, including the region of the SPNs. The weight of the combined data suggests strongly that the majority of SPLI in axons projecting to SPNs do not also contain 5-HT. Nevertheless, one particular observation renders it likely that SP projections from brainstem to spinal cord do exist in the pigeon. Specifically, fine SP-containing fibers normally found in the dorsolateral and lateral fasciculi were absent caudal to high cervical hemisections. Primary afferent neurons have been shown to contain SP and project to the dorsal horn (Hokfelt et al., 1975; Barber et al., 1979; Jesse1 et al., 1979; Tessler et al., 1980) . Our results in. pigeon are consistent with these previous observations, and the dorsal horn depletion seen following dorsal rootlet rhizotomy is qualitatively similar to that described by other investigators (Takahasi and Otsuka; 1975 , Jesse1 et al., 1979 . No evidence was found for SP-containing sensory projections to SPNs. The absence of such a projection was expected since electrophysiological and anatomical observations have never found evidence for a monosynaptic circuit between primary sensory neurons and SPNs despite careful investigations (e.g., Brooks, 1933 Brooks, , 1935 Beacham and Perl, 1964, 1965; Petras and Cummings, 1972; Leonard and Cohen, 1975b; Light and Perl, 1977,1979 was only seen rostra1 to transections. This region of the spinal white matter is known to contain descending bulbospinal 5-HT axons (Cabot et al., 1982) 
